Background: Cortical ischemic lesions represent the predominant pathomorphological pattern of focal lesions after aneurysmal subarachnoid hemorrhage (aSAH). Autopsy studies suggest that they occur adjacent to subarachnoid blood and are related to spasm of small cortical rather than proximal arteries. Recent clinical monitoring studies showed that cortical spreading depolarizations, which induce cortical arterial spasms, are involved in lesion development. If subarachnoid blood induces adjacent cortical lesions, it would be expected that (i) they also develop after traumatic subarachnoid hemorrhage (tSAH), and (ii) lesions after tSAH can occur in absence of angiographic vasospasm, as was found for aSAH. Case presentation: An 86-year-old woman was admitted to our hospital with fluctuating consciousness after hitting her head during a fall. The initial computed tomography (CT) was significant for tSAH in cortical sulci. On day 8, the patient experienced a secondary neurological deterioration with reduced consciousness and global aphasia. Whereas the CT scan on day 9 was still unremarkable, magnetic resonance imaging (MRI) on day 10 revealed new cortical laminar infarcts adjacent to sulcal blood clots. Proximal vasospasm was ruled out using MR and CT angiography and Doppler sonography. CT on day 14 confirmed the delayed infarcts. Conclusions: We describe a case of delayed cortical infarcts around sulcal blood clots after tSAH in the absence of proximal vasospasm, similar to results found previously for aSAH. As for aSAH, this case suggests that assessment of angiographic vasospasm is not sufficient to screen for risk of delayed infarcts after tSAH. Electrocorticography is suggested as a complementary method to monitor the hypothesized mechanism of spreading depolarizations.
Background
In autopsy studies, cortical ischemic lesions are the predominant pattern of parenchymal damage both in patients with aneurysmal subarachnoid hemorrhage (aSAH) [1, 2] and in the non-human primate model of aSAH [3] . The cortical lesions typically occur adjacent to subarachnoid blood clots. They showed no relationship with angiographic vasospasm of the large cerebral arteries in either humans or non-human primates [1] [2] [3] . It has been suggested that the most likely explanation for these infarcts is vasospasm of cortical resistance arteries and arterioles caused by blood products [2] . Vasospasm in these small vessels cannot be resolved using digital subtraction angiography (DSA).
The autopsy observations are consistent with the clinical finding that thick layers of subarachnoid blood on admission computed tomography (CT) scans are among the most important predictors of infarction and unfavorable outcome after aSAH [4] . If adjacent cortical lesions are induced by subarachnoid blood, it would be expected that (i) they also develop after traumatic subarachnoid hemorrhage (tSAH), and (ii) lesions after tSAH can occur in absence of angiographic vasospasm, as was found for aSAH [5] [6] [7] [8] . In fact, both early and delayed ischemic lesions have been described after tSAH [9] . However, to our knowledge, it has not been documented that delayed lesions can develop without angiographic vasospasm. Here, we report a case of tSAH in which delayed cortical infarcts developed around sulcal blood clots in the absence of proximal vasospasm.
Case presentation
An 86-year-old woman was admitted from an outside institution to our neurological intensive care unit with fluctuating consciousness after hitting her head during a fall. Four weeks before admission, she was in normal health for her age with a history of arterial hypertension. Because of atrial fibrillation, she was treated with rivaroxaban 20 mg once daily. Two weeks before hospitalization, she experienced pain in her lower abdomen accompanied by a feeling of illness and fatigue which she self-medicated with aspirin. She experienced nose bleeding but continued to take aspirin. She was then admitted to an external clinic after falling. During the first in-hospital night, she fell out of bed and struck her head. Thereafter, consciousness decreased and she was transferred to the neurocritical care unit of our institution. She presented with dysarthria and mild motor aphasia, but language comprehension was fully preserved. In addition, mild right-sided hemiparesis was noted. Most of the time, she was awake but intermittently somnolent. Body temperature was 37.6°C. Routine laboratory tests revealed prolonged prothrombin time, increased international normalized ratio (INR), increased CRP, leukocytosis and corresponding signs of a urinary tract infection. She was treated with prothrombin complex concentrate and antibiotics.
The initial computed tomography (CT) on day 0 showed contusions in the left frontal and temporal lobes and tSAH. Figure 1a shows this first CT scan with subarachnoid blood in two sulci of the left frontal cortex. A contre-coup injury was found in the right posterior cranial fossa with an epidural hematoma and corresponding tSAH. In addition, a small intra-parenchymal hemorrhage was observed in the right basal ganglia. Arterial aneurysms or arteriovenous malformation were ruled out using CT angiography (CTA). Blood was also detected in the fourth ventricle, but signs of disturbed cerebrospinal fluid circulation were not seen. Accordingly, the patient did not receive external ventricular drainage. Further CT scans on days 1, 3 and 5 showed neither increase of the epidural hematoma nor development of an occlusive hydrocephalus. They revealed only the progressive decrease of Hounsfield units within the blood-related hyperdensities. Nimodipine was not given because there is currently no recommendation for its use after tSAH [9] .
The patient was alert and in an improved general condition when she was transferred to the normal ward on day 7. On day 8, however, the patient experienced a secondary deterioration of her neurological status, as characterized by reduced consciousness and global aphasia, with loss of ability to speak or understand. Whereas the CT scan on day 9 was still unremarkable, the MRI scan on day 10 revealed new cortical laminar infarcts adjacent to the sulcal clots ( Fig. 1 c and d) . The infarcts included both Broca and Wernicke areas. Transcranial Doppler sonography (TCD) on day 10 showed normal mean velocities of the posterior cerebral arteries (right PCA 29 cm/s, left PCA 23 cm/s) and normal pulsatility indices. The bone window was not sufficient to assess velocities of the middle cerebral arteries (MCA). Neither MR angiography (MRA) on day 10 nor CTA on day 14 showed any signs of proximal vasospasm ( Fig.1 e and f) . However, the CT scan on day 14 revealed the same infarcts as the MRI scan on day 10 ( Fig. 1 b) . Over the following week, the patient improved again. She was able to respond to simple commands when she was transferred to clinical rehabilitation.
Discussion and conclusions
In addition to contusions and an epidural hematoma, this patient experienced tSAH with sulcal blood clots and initial focal neurological deficits. After initial improvement, this was succeeded by a secondary neurological deterioration with global aphasia on day 8. Accordingly, an MRI on day 10 showed new infarcts around sulcal blood clots. In contrast to the CT scan on day 9, the CT scan on day 14 also showed the new infarcts. No signs of proximal vasospasm were found using MRA, CTA and TCD.
A limitation of the study is that, despite serial use of multiple diagnostic procedures, there is a theoretical possibility that proximal vasospasm occurred but escaped detection. For example, the bone windows for TCD examination were sufficient to assess the PCAs but not the MCAs. It is also possible that proximal vasospasm occurred in connection with new infarct development between days 9 and 10 but resolved rapidly and was not detected by MRA on day 10. However, this scenario is unlikely since proximal vasospasm after aSAH, as assessed by either TCD or DSA, typically resolves only after day 16 [10, 11] . Another consideration is that while CTA and MRA are reliable noninvasive methods to assess proximal diameters of the basal cerebral arteries, they are inferior to DSA for evaluation of the more distal arterial branches [12, 13] . Accordingly, we cannot exclude that vasospasm occurred in these more distal branches in our patient. Nonetheless, several lines of evidence suggest that cortical ischemic lesions after aSAH are primarily the consequence of spasm in the cortical microvessels that lie beyond the resolution of DSA, as explained below [14, 15] .
Cortical ischemic lesions similar to those reported here were observed by Stoltenburg-Didinger and Schwarz in 106 of 139 (76%) autopsy cases of ruptured aneurysms [2] . Notably, intravascular thrombi occurred in only 4 of the 106 autopsy cases with infarcts, and it was concluded that these thrombi did not precipitate the infarcts, but rather resulted from microcirculatory disorders secondary to the developing necrosis. Endothelial swelling was also excluded as an etiologic factor since this occurs temporarily and would only obstruct the lumina of capillaries, not arteries or arterioles. Compression was unlikely as a potential cause since subarachnoid clots would lead to venous prior to arterial compression due to the thinner vessel wall of veins. Venous compression would result in primarily hemorrhagic infarcts, but the cortical infarcts were always anemic. Finally, no relationship was found between the cortical lesions and angiographic vasospasm of the large cerebral arteries in either humans or non-human primates [1] [2] [3] . The only consistent finding in the autopsies of both patients and monkeys was that the cortical lesions typically occurred adjacent to subarachnoid blood clots, suggesting that blood products are involved in their pathogenesis [2, 3] . In the pathoanatomical descriptions, the cortical infarcts were of different shape and size. Most of them were bell-shaped, corresponding to the territory of small perforating arteries, or laminar, corresponding to the territories of rectangular branches of cortical arteries. It was suggested that the most likely explanation for these infarcts is spasm of the cortical arteries [2] .
The first experimental evidence that subarachnoid blood clots can cause focal cortical necrosis was provided almost 70 years ago by Iwanowski and Olszewski, who published a study on 'subpial cerebral siderosis' [16] . After injections of blood into the subarachnoid space, the dogs in this study developed neurological deficits on the following days, and pathologic changes included the occurrence of cortical laminar necrosis. A similar result was recently found in the swine sulcal clot model, in which subarachnoid blood alone was sufficient to cause adjacent cortical infarcts [17] . Notably, their development was associated with spreading depolarizations (SD), in agreement with previous rat studies showing that subarachnoid blood products induce SDs. A key aspect of SDs in the presence of blood products is that they induce an inverse neurovascular response, known as spreading ischemia, in contrast to the arteriolar dilation and spreading hyperemia observed in response to SD in normal cortex [18, 19] . Thus, SDs in the presence of blood products initiated severe long-lasting spasm of cortical arteries with consequent spreading ischemia. Spreading ischemia alone was sufficient to cause cortical infarcts that have similar pathologic morphology as observed in patients with aSAH. Subsequently, SDs and spreading ischemias were described in patients with aSAH [20] and also those with tSAH [21] . Thus, in the wake of both aSAH and tSAH, inverse neurovascular coupling in response to SDs might acutely exacerbate the microarterial spasm resulting from cortical exposure to blood products. The idea that these mechanisms can contribute to the development of new infarcts was recently confirmed in a study of 11 patients with aSAH [22] . In this study, subdural opto-electrodes were used to monitor cortical tissue at risk for development of delayed infarcts. Typically ischemic episodes started with a cluster of repetitive SDs and progressively prolonged spreading ischemias. The SDs eventually became terminal, without recovery, and were followed by a negative ultraslow potential (NUP) that is thought to reflect the progression from persistent depolarization to cell death in an increasing fraction of neurons. Accordingly, NUP-displaying electrodes were significantly more likely to overlie a developing infarction than those not displaying a NUP. During the NUP, the median duration of spreading ischemia was 40 min, CBF fell from 57 to 26%, and tissue partial pressure of oxygen abruptly decreased from 13 to 3 mmHg.
In conclusion, the present case suggests that proximal vasospasm is not a conditio sine qua non for the development of delayed infarcts after tSAH, similar to results found previously for aSAH. A multidisciplinary international research group has previously recommended that the presence of angiographic vasospasm should not be a criterion to diagnose delayed infarcts after aSAH [23] . The present results suggest the same for delayed infarcts after tSAH. Although aSAH and tSAH differ in the mechanism of primary injury (aneurysm rupture vs. trauma), we suggest that they may share common mechanisms of secondary injury [24, 25] . Further systematic research is needed on this topic, and for this purpose, we recommend that serial MRI scans should be performed more frequently after tSAH.
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